Abstract Cannabinoid administration before and after simian immunodeficiency virus (SIV)-inoculation ameliorated disease progression and decreased inflammation in male rhesus macaques. Δ9-tetrahydrocannabinol (Δ9-THC) did not increase viral load in brain tissue or produce additive neuropsychological impairment in SIV-infected macaques. To determine if the neuroimmunomodulation of Δ9-THC involved differential microRNA (miR) expression, miR expression in the striatum of uninfected macaques receiving vehicle (VEH) or Δ9-THC (THC) and SIV-infected macaques administered either vehicle (VEH/SIV) or Δ9-THC (THC/SIV) was profiled using next generation deep sequencing. Among the 24 miRs that were differentially expressed among the four groups, 16 miRs were modulated by THC in the presence of SIV. These 16 miRs were classified into four categories and the biological processes enriched by the target genes determined. Our results indicate that Δ9-THC modulates miRs that regulate mRNAs of proteins involved in 1) neurotrophin signaling, 2) MAPK signaling, and 3) cell cycle and immune response thus promoting an overall neuroprotective environment in the striatum of SIV-infected macaques. This is also reflected by increased Brain Derived Neurotrophic Factor (BDNF) and decreased proinflammatory cytokine expression compared to the VEH/SIV group. Whether Δ9-THC-mediated modulation of epigenetic mechanisms provides neuroprotection in other regions of the brain and during chronic SIVinfection remains to be determined.
Introduction
Anti-retroviral therapy (ART) has increased the life span of persons living with Human Immunodeficiency Virus/ Acquired Immunodeficiency Syndrome (PLWHA; HIV/ AIDS), but it has concomitantly increased the incidence of HIV-associated neurocognitive dysfunction (HAND) (Antinori et al. 2007) . Among the principal mechanisms proposed to mediate HIV dysregulation of brain function are chronic inflammation, glial cell activation, and neuronal injury (Gannon et al. 2011) .
Cannabinoid use is frequent among PLWHA both recreationally and therapeutically (Molina et al. 2011a; SAMSHA 2005) . Δ9-tetrahydrocannabinol (Δ9-THC; MARINOL® [dronabinol] ) has been shown to improve Electronic supplementary material The online version of this article (doi:10.1007/s11481-015-9645-6) contains supplementary material, which is available to authorized users. appetite, weight gain, and overall quality of life among PLWHA (ElSohly et al. 2001) . Previous studies from our laboratory have shown that chronic Δ9-THC administration before and during Simian Immunodeficiency Virus (SIV)-infection ameliorated disease progression, decreased early mortality from SIV, attenuated inflammation, and suppressed viral replication in male rhesus macaques (Molina et al. 2011b ). Moreover, in these studies chronic Δ9-THC did not produce additive neuropsychological impairment to SIV infection. Macaques that received chronic Δ9-THC developed tolerance to its behaviorally disruptive effects, which was maintained for 12 months of the study irrespective of SIV-infection. Postmortem histopathology data also indicated that chronic Δ9-THC reduced the frequency of brain pathology and opportunistic infections. These studies also showed that chronic Δ9-THC administration attenuated the expression of the proinflammatory cytokine, monocyte chemo attractive protein (MCP-1), and did not increase viral load in brain tissue or adversely affect markers of disease progression compared to vehicle-treated SIV-infected macaques (Winsauer et al. 2011) . It is likely that Δ9-THC could modulate SIV disease progression by attenuating localized tissue inflammatory responses and viral replication (Ehrhart et al. 2005; Molina et al. 2011a) .
In subsequent studies aimed at exploring the protective mechanisms involved in Δ9-THC-mediated amelioration of disease progression, we showed that chronic Δ9-THC produced changes in duodenal miR expression in SIV-infected macaques that were implicated in reducing inflammation and oxidative stress. These findings provide evidence that these protective effects may derive, in part, from Δ9-THCdependent changes in the expression of miRs (Chandra et al. 2015; Molina et al. 2014) . The functional consequences of alterations in miR are not yet fully understood. miRs play a critical role in the post-transcriptional regulation of gene expression in health and disease, are important in normal mammalian development, and regulate specific biological processes such as cell cycle, cell proliferation, apoptosis, immune response, and stem cell self-renewal and differentiation (Tsuchiya et al. 2006 ). In the brain, miRs are involved in neuronal development, cell differentiation, synapse formation and neuronal plasticity, and may be an underlying mechanism of cellular dysfunction contributing to diverse neurobehavioral deficits (Fiore and Schratt 2007; Presutti et al. 2006) . HIV infection has been shown to produce alterations in miR expression that may impact gene regulatory networks involved in HAND (Noorbakhsh et al. 2010; Tatro et al. 2010; Winkler et al. 2012 ). In addition, others have shown alterations in brain (Yelamanchili et al. 2010 ) and plasma miR profiles (Witwer et al. 2011) in SIV-infected macaques suggesting their involvement in modulation of disease progression.
The objective of the present study was to determine the effect of Δ9-THC on miR expression profile in the striatum of macaques during acute SIV-infection. The striatum was selected as a brain region of interest because the execution and maintenance of motor and cognitive commands are primarily dependent on its functional integrity (Nelson and Kreitzer 2014) . Although HIV/SIV can infect any part of the brain, the striatum is particularly susceptible to increased viral replication and neuropathology leading to its marked atrophy in HIV-infected individuals (Meulendyke et al. 2014; Sardar et al. 1996) . Studies have also found decreased levels of several markers of neuronal integrity in the striatum of PLWHA and SIV-infected macaques, including N-acetyl aspartate. Nacetyl aspartate is a neuronal and axonal marker of integrity, predominantly found in the basal ganglia and frontal cortex, and is indicative of neuronal injury and inflammation (Anderson et al. 2015; Harezlak et al. 2011; Tracey et al. 1997) . Although the striatum is a major site of HIV/SIV replication in the brain, little is known about the effect of cannabinoids during acute HIV/SIV infection. Additionally, the role of cannabinoids in producing anti-inflammatory effects by modulating miR expression in the striatum is unknown.
In this study, using next generation sequencing (NGS) technology, we determined the normal miR expression profile in the striatum and its modulation by Δ9-THC during acute SIV infection of rhesus macaques. Our results showed that the major biological processes enriched with target genes are involved in immune response, neurotrophin signaling, tight junctions, regulation of transcription, and cell proliferation and apoptosis. We also detected increased BDNF expression and decreased mRNA expression of proinflammatory cytokines, in particular TNF-α, in the striatum of THC/SIV compared to VEH/SIV macaques. Thus, our results suggest that Δ9-THC-dependent changes in the expression of miR expression may contribute to protective neuromodulation in SIVinfected macaques.
Materials and Methods

Animal Care, Ethics and Experimental Procedures
All experiments using rhesus macaques were approved by the Tulane University and Louisiana State University Health Sciences Center (LSUHSC) Institutional Animal Care and Use and adhered to the National Institutes of Health (NIH) guidelines for the care and use of experimental animals. The animals were housed in a Biosafety Level-2 containment building at Tulane National Primate Research Center. Animals were housed singly and provided a diet of monkey chow ad libitum (Lab Fiber Plus Primate diet DT; PMI Nutrition International, St. Louis, MO) supplemented with fruits, vitamins, and Noyes treats (Research Diets, New Brunswick, NJ).
Experimental Design
Thirteen male Indian rhesus macaques 3 to 7 years of age and with a body weight range of 5-11 kg were divided into four groups. Animals received two daily intramuscular injections of vehicle (1:1:18 of emulphor: alcohol: saline) or Δ9-THC. Chronic administration of Δ9-THC [or 0.05 ml/kg VEH] was started 4 weeks before SIV infection at 0.18 mg/kg. Similar to previous studies, the dose was increased to 0.32 mg/kg over 2 weeks and continued for the entire duration of the study (Chandra et al. 2015; Molina et al. 2014) . Vehicle-treated animals were further assigned to no infection (Group 1; VEH, n= 2) or intravenous inoculation with 100 TCID50 of SIVmac251 (Group 2; VEH/SIV, n=4). Δ9-THC-treated animals were further assigned to no infection (Group 3; THC, n=3) or SIV infection (Group 4; THC/SIV, n = 4). All animals were Fig. 1 Differential expression of miRs in the striatum of macaques during acute-SIV infection and chronic THC administration. Category 1: miRs that were increased in THC/SIV, but did not differ between VEH/ SIV and VEH groups. Category 2: miRs that were decreased in VEH/SIV and THC animals, but did not differ between VEH and THC/SIV groups.
Category 3: miRs that were increased in the THC/SIV as compared with the VEH group. Category 4: miRs that were decreased in THC/SIV compared with the VEH group. The reads of VEH/SIV, THC/SIV, and THC were normalized to the reads of VEH to obtain the fold change. Values are means±SEM -382-5p  TOP1, SLCO1A2, ENKUR, FOXN2, CDK13, DDX3X, STXBP4, MIA3, MEIR5,  OLA1, UBTF   hsa-miR-485-3p  ADAMTSL5, GPI, C14orf184, CYTH, RAB8B, RFT1, EFHC1, CNKSR3, ST3GAL1,  SSH3, EPB41L4A, BSG, TNFSF9,FBRS, STMN1, PRIM2, RBM4, TTBK1, TMEM214,  TMEM132D, POLE, ZBTB3, PPIE, KIAA1328, MTFMT, WHSC1, SLC26A9, ZNF527,  UNC45A, NUCB1, PTMS, NWD1, DUSP16, DCP1A, C8orf80, TAOK1, SDC3,  ADIPOR2, PARP11, OPA1, ALG1, TREML2, FCRLA, EGF, ARSA, GPR132, WDR55,  ZNF528, ETV7, LXN, PCBD2, FGD2, STX5, NDRG3, PNPLA5, DNAJC5G,  TPD52L2, SH3TC2, IGHMBP2, EHMT1, F2RL2, ZC3HAV1L, PLEKHO2, EFCAB2 C17orf102, ZNF641, TDRKH, ITPRIP, EEF2K,  CD200, IL17A PPARGC1A, ZNF155, PLIN3, ABR, CAPN5, VTA1, ZNF81, CKS1B,  ALDH16A1, ZNF497, GJB2, ZNF764, RNF24, MGAT5B, TMPRSS4, SPTB, EPB41L2,  CD300LG, NXPH3, ZNF578, DES, PHTF2, ALOX15, ACTR3, ZNF474, MAP6D1,  SLC29A2, GLB1L3, SGSM2, ANKS4B, GNAL, RMND5B, MRPS27, KCNA6,  BAIAP3, ZNF831, OAS1, CYorf15B, ALX4 ACTR8, PPIL2, MGST3, ZNF548,  TMBIM6, SLC16A14, CAV2, NNT, WBP2NL, ZNF716, EIF4A1, EIF2AK2, C16orf70,  PHC2, IRAK4   hsa-miR-495-3p  CD9, CLDN10, APOL6, PRKAG2, CADPS2, DDIT4, UNG, OTUD4, PSAPL1, AGBL4,  DMRTC2, ST18, TNFRSF1B, ASB5, PLEKHF2, HNF4G, DEPDC5, RAVER2,  PPP1R2, PCDHB9, UBE3A, TNC, SLC2A10, FZD4, KDM5D, OR11A1, ELL2,  NUP62CL, PBOV1, S1PR3, ELF1, CTNND2, CAST, CT47B1, THBS2, MED12L,  POLR3G, AK5, RBM20, HJURP, ZNF599, HSPA13, LYRM7, ATP7A, MAPKBP1,  NLN, PRUNE2, CADM1, HESX1, C11orf82, MDC1, DCAF17, BUB1, NLGN1   hsa-miR-539-3p  LATS1, WBP4, CHORDC1, BTLA, MEGF11, ACSL6, KIAA0232, GPRC5B, RAD50,  VPS36, XRN1, DCDC5, METTL15, HS6ST3, CSTA, MFAP5, FNIP1, TBRG1, G2E3,  DDHD1, TBK1, PAPD5, CCNYL1, NDFIP1, KLRG1, SPP1, ST8SIA1, NEBL, BTBD7,  LCOR, GABRA4, MMP8, RAB5A, HNRNPF, CSRP1, POPDC3, DHTKD1  miR-153  CLCN5, ANGPT1, HEY2, PMP2, FAM40B, KLF5, FOXR2, DSG2, TBC1D19, KLF13,  CHML, UTRN, GIF, PLCB1, LIMS1, YIPF2, SCLT1, PTPN14, ADAM19, RPS6KA5,  OSBPL6, SERTAD2, KCNA1, NFE2L2, PPA2, MAP4K5, MOV10, OPRM1, DSE,  SLCO5A1, NUFIP1, CELA2A, EYS, PQLC3, NPHP4, HMSD, FABP2, CELA2B,  SLC14A1, UNC5C, GALNT7, FXR1, SERAC1, GGCX, TLCD2, NFIA, GFPT2,  FBXO8, PHKG2, PTCH1, KDSR, ANK3, ING2, GNPDA2, IDO1, TAF7, NFIB, DDIT4,  ME1, USP28, PURA, ANKRD42, FAM110B, SLC25A21, SGCD, MTMR12, CNN3,  NEUROD4, CBFB, FBXO4, KCNE1, ISCA2, SLC2A9, WWOX, IL31RA, DPY19L1,  SUN2, SPHK2, DMD, GLRA3, RPL22, euthanized at 60 days post-SIV infection, a time when all animals were asymptomatic. Tissue samples including the brain were collected at necropsy, flash frozen, and stored at −80°C. The animals were not perfused prior to sample collection. The impact of chronic THC administration on SIV-induced alterations in intestinal microRNA profiles in this cohort of animals has been reported elsewhere (Chandra et al. 2015) .
Brain Viral Load
SIV RNA levels in plasma and striatum of the brain were determined by qPCR as previously published (Chandra et al. 2015; Molina et al. 2014) . For tissue SIV levels, total RNA was extracted from flash frozen striatum using Trizol reagent (Life Technologies, Grand Island, NY) according to the 
RNA Isolation and Deep Sequencing
Deep sequencing was performed on the striatum of two macaques from each treatment group. The results obtained from deep sequencing were then confirmed using qPCR on all the animals in the treatment groups. RNA was isolated from striatum using an RNA isolation kit (Norgen, Ontario, Canada) according to the manufacturer's protocol and the concentrations measured using a Nanodrop. The RNA was then sent to LC Biosciences (Houston, TX) for preparation of the small RNA sequencing library and deep sequencing. Briefly; a small RNA library was generated using Illumina Truseq™ Small RNA Preparation kit. The purified cDNA library was used for cluster generation on Illumina's Cluster Station and sequenced on Illumina GAIIx. Raw sequencing reads (40 nts)
were obtained using Illumina's Sequencing Control Studio software version 2.8 (SCS v2.8) following real-time sequencing image analysis and base-calling by Illumina's Real-Time Analysis version 1.8.70 (RTA v1.8.70) . A proprietary pipeline script, ACGT101-miR v4.2 (LC Sciences), was used for sequencing data analysis.
Sequencing Data Analysis and Normalization
Sequencing data analysis and normalization was performed by LC Biosciences on two animals from each group. The results provided were used in the selection of specific miRs to be validated by PCR. After Sequenced Sequences (sequ seqs) were extracted, digital filters (LC Sciences) were employed to remove un-mappable sequencing reads by generating unique families of Sequ Seqs by sorting raw sequencing reads and filtering Sequ Seqs. The mapped reads were then identified against pre-miR (mir) and mature miR (miR) sequences listed in miRBase 5, 6, 7 or genome based on the public releases of appropriate species. For normalization of read counts in each sample, the counts were divided by a library size parameter (median value of the ratio between the counts of a specific sample and a pseudo-reference sample) of the corresponding sample. A count number in the pseudoreference sample is the count geometric mean across all samples. The data set normalized against the miRs was used for subsequent analysis. The miR reads that were significantly different (p<0.05) between the four groups were determined using ANOVA. A total of 26 miRs were significantly different between the groups (Supplemental table 1 ). Among these, eight miRs had similar level of expression in SIV, THC/SIV and THC groups and thus, were not used for further analysis. The miR reads that were significantly different between the two treatment groups (THC/SIV and VEH/SIV) were determined by a t-test and used for further analysis. The validated targets of differentially expressed miRs were determined using miRTarbase and TargetScan was used to determine predicted and validated gene targets of differentially expressed miRs. TargetScan is the most advanced, widely used, and relatively conservative database. The biological processes of the predicted or validated targets were determined 
Quantitative Real-Time PCR (qPCR) for miR Expression
To validate the deep sequencing data, the relative expression of three differentially expressed miRs (miR-7, miR181a, miR-27b) was further determined by individual Taqman miR assays in all the animals in the VEH/SIV (n=4) and THC/SIV (n=4) groups. Approximately 200-250 ng of total RNA was reverse-transcribed using the stem loop primers provided in the predesigned kit and 1.3 μl of cDNA was subjected to 40 cycles of PCR on the CFX96 Bio-Rad PCR cycler (Bio-Rad) using the following thermal cycling conditions: 50°C for 2 min, 95°C for 10 min followed by 40 repetitive cycles of 95°C for 15 s and 60°C for 1 min. As a normalization control for RNA loading, RNU48 and SNOU6 were amplified in duplicate wells on the same multi-well plate.
qPCR for Target Genes of Differentially Regulated miRs
Total RNA isolated for miR sequencing studies was used for gene expression analysis as well. cDNA was synthesized from 500 ng of the resulting total RNA using the Quantitect Table 4 THC-dependent decrease in miR expression in the striatum during acute-SIV infection. miR names, validated or predicted target genes are shown Category 4 -Decreased miR expression due to THC in the presence of SIV hsa- miR-23b-3p   KIAA1467, WBP2, PDE4B, ZIC4, MRC1, AUH, C2orf69, PNRC2, ALG6, INTU,  DEPDC1, SYT4, COG3, TOP1, RUFY2, POU4F2, PKP4, SLC6A14, SEMA6D,  C3orf52, PDE7A, PPP4R4, RAB8B, CDC40, CRISPLD1, LIN54, RALYL, ZNF287  TMOD2, TMED5, FUT9, TMPO, MYCT1, CXCL12, DOCK3, RAB39B, NAP1L5,  TMEM33, CTCF, MYH4, SATB1, C13orf34, TXLNG, AB39, TNRC6A, SETD8,  NEK6, PRKRIR, SEC14L1, RAD51AP1, CNTLN, NUP50, RBM25, ATP6V1E1,  HNF4G, TRAPPC6B, GLB1L3, KLF3, UBL3, ZNF395, APAF1, DPY19L4,  PPARGC1A, USP53, QSER1, FBXO32, EXOC3L4, ACSS3, VCAN, COL4A4,  THUMPD3, ZNF420, SEC23IP, C1orf96, ITGAL, CDC23, NACC2, EFHA2, SNX5,  AMBRA1, TBC1D12, TLK1, SLC12A1, HEXIM1, CNOT6L, LPHN2, AUTS2,  MTF1, SLC38A1, ZBTB34, PNMA2, ARHGAP20, TNFAIP3, ALDH1A2, TPST1,  PIGX, ANKHD1, NLGN4X, CHUK, UBE2R2, ZDBF2, FGD4, MAP7, FAS, IGSF8 C2orf55, FAS, TMEM126B, ZNF81, LIPT2, DCUN1D4, PLK2, FBXW7, GAB1,  NRK, RUNX1, TAB3, GRIA4, SLC24A4, TXLNG, GPAM, ACVR1C, SLC6A1,  CDS1, NCOA7, SEMA7A, GRB2, SSH1, TSC1, SLC25A25, ABL2, CKAP4,  C10orf137, FGD6, FAM193B, SFRP1, SLC7A11, APPBP2, GCC2, ST6GALNAC3,  RALGAPA2, PLEKHH1, CEP135, ARFGEF1, SYNRG, HOXB8, SLC39A11,  SMAD9, C1orf173, SPTLC2, PDS5B, AFF4, IGLON5, PALM2, KIAA1109, HOXA5,  GXYLT1, B4GALT3, EYA4, KIAA1737, KITLG, RCAN2, PRKX, GORASP1,  TNRC18, CSRP2, KCNK2, FAM133B, MAP2K4, MYT1, STAB2, ADORA2B,  PSEN1, SNAP25, USP42, SEC22A, ITSN2, OBFC2A, EPB41L4A, CCDC149,  TMBIM6, C7orf41, EYA1, PAX9, PPARG, C1orf9, CCNG1, MMD, ALG9, CCNK,  ARHGEF26, LPAR6, HOXA13, WISP1, KCNA4, SBF2,ZNF800, SFXN2, KCTD8,  ATP6V1A, ZHX1, RELN, PRKCB, TMEM194B, AQP11, SLC9A4, GABRP,  ANKRD40, SLITRK1, MBTD1, PLCL2, ZNF329, PDK4, GCA, VPS37A, AKIRIN1,  GOLM1, TMUB1, LIN28B, C20orf177, CTH, TXN2, STYK1, VIP, TPR, RPS6KA5,  GATC, NOTCH1, ST14, MMP13, ADORA2B, CYP1B1, TRAPPC2P1, EDNRA,  EYA4, WEE1 , VDR, CYP3A4, PAX3, CCNT1, KHSRP, PAX7 Reverse Transcriptase Kit (Qiagen), in accordance with the manufacturer's instructions. Primers were designed to span exon-exon junctions (IDT, Coralville, IA) and used at a concentration of 500 nmol. The final reactions were made to a total volume of 20 μl with Quantitect SyBr Green PCR kit (Qiagen). All reactions were carried out in duplicate on a CFX96 system (Bio-Rad Laboratories, Hercules, CA) for quantitative real-time PCR (qPCR) detection. qPCR data were analyzed using the comparative Ct (delta-delta-Ct, ΔΔCT) method. Target genes were compared with the endogenous control, ribosomal protein S13 (RPS13), and THC/SIV values were normalized to VEH/SIV values.
Western Blot Analysis for BDNF
Striatal samples from all animals in the treatment groups (VEH n=2, VEH/SIV n=4, THC/SIV n=4) were homogenized in T-PER (Pierce Thermo Scientific, Rockford, IL) buffer with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific). Samples were centrifuged at 10,000 g for 5 min at 4°C, and protein concentrations determined by the BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of protein (50ug) were separated by Tris-tricine 10-20 % Mini-protein gels (Bio-Rad) and transferred to Immobilon-P SQ transfer membrane (Millipore, Billerica, hsa-miR-151b-R + 2 As in hsa-miR-151b_R+3 mml-miR-584-5p_R-1 GBP5, DSG3, ZNF583, MORC3, CCDC152, MCPH1, WWP1, ZNF518A, PPFIA1, MIS12, ACYP2, NEGR1, TTC22, HBS1L, GANAB, POGLUT1, ALPK1, NCOR1, CHORDC1, UHRF1BP1, MAP2, CTXN2, NUFIP2, HDAC1, SETD5, USP6NL, NPHP1, LTBP2, ATP6V1E2, PRRX1, AVPR1A, HSD11B1, SETD1B, MYO5B, ANKRD18A, C3orf23, GC, SEC24D, ZNF765, PDHA1, CYP2J2, AIDA, BTNL3, ZNF585A, MTRF1, PPP2CA, ZNF677, ARL13B, CADPS, LRRIQ3, EIF2AK1, DGKB, Target genes   FAM45A, SRSF10, SRSF3, ZFR, EPB41L5, FCHO2, SRGN, TNC, ZNF718, C9orf40,  MTMR6, FAM178A, PTPN21, ZNF451, ZNF175, LA2G12A, CLIC4, DACH1,  MAPKAPK3, SULF1, LPAR1, ZBTB34, FAM176A, IFRD2, TRABD, IL18BP,  TMEM47, CLMN, UBE2L3, IKZF2, GRAMD1C, TRMT2B, HMGCS1, BCL2L15,  SKA3, ADI1, ZBTB20 Increased miR expression due to THC/SIV compared to VEH/SIV mml-miR-7_R + 1 As in Table 3 hsa-miR-137 As in Table 3 hsa-miR-488-5p_R + 2 AR, CYP2E1 
Results
Viral Loads in Plasma and Brain miR Sequencing and Annotations
miR profiling of the striatum from the four treatment groups was performed using the Illumina small RNA TrueSeq kit and sequenced on Illumina GAIIx. The length of the detected sequences varied between 15 and 45 nucleotides and 50.1 % were between 19 and 23 nucleotides. The frequency of reads mapping to mature miRs had a median of 52.5 %. In addition, a fraction of reads were mapped to snRNA, miscRNA, tRNA, rRNA, and mRNA. The sequencing data was deposited in GEO repository database (http://www.ncbi.nlm.nih.gov/geo/) , which is retrievable under the accession number (GSE72766).
Profiling of miRs Differentially Regulated Between the Treatment Groups
The miRs that were differentially regulated among the four different treatment groups (VEH, VEH/SIV, THC and THC/ SIV) were divided into four categories based on criteria defined below. The miR expression in the four categories were 1.5-fold greater or less than that of VEH. Figure 1 shows the graphical representation of miR fold-change in the respective different categories. Validated (miRTarbase) or predicted targets (top 200 genes with a context score of −0.3 or lower, TargetScan) were used to identify biological processes (BP) of enriched target genes in each category using GeneCodis (p>0.0001).
Category 1 included miRs whose expression was significantly increased (≥1.5 fold) only in the presence of both SIV and THC (THC/SIV group). The target genes for miRs (Table 1) in this category were enriched in major BPs including DNA repair, negative regulation of apoptosis and viral reproduction, and response to stress. There were also genes enriched in brain development and synaptic transmission in this category (Table 5) . Out of the ten miRs in this category, C3orf52, ZNF816-ZNF321P, ZNF732, ZNF761, PDE7A, PPP4R4, RAB8B,  CDC40, CRISPLD1, LIN54, PCMTD2, RALYL, ZNF287, TMOD2, TMED5, FUT9,  ZNF253, RGS18, RPL31, MTHFS, ST20-MTHFS, ZNF91, TMPO, MYCT1, ZNF30,  ZNF100, CXCL12, USP51, DOCK3, RAB39B, ZNF708, NAP1L5, ZNF506, TMEM33,  CTCF, MYH4, SATB1, C13orf34, TBC1D24, EMR2, PRPH2, TXLNG, CAB39,  TNRC6A, SMN1, SMN2, SETD8, NEK6, PRKRIR, SLC38A2, SEC14L1, RAD51AP1,  CNTLN, SERINC1, NUP50, RBM25, ATP6V1E1, HNF4G, TRAPPC6B, GLB1L3,  PAH, SNRPG, KLF3, CYorf15B, UBL3, LOC100130932, ZNF395, APAF1, DPY19L4,  SST, PPARGC1A, USP53, SEC23A, QSER1, FBXO32, EXOC3L4, ACSS3, VCAN,  SPG20, SV2B, COL4A4, THUMPD3, PRLR, ZNF420, SEC23IP, C1orf96, ITGAL,  CDC23, NACC2, GABRG1, ZNF28, RNF168, EFHA2, ABCC5, SNX5, AMBRA1,  TBC1D12 , C9orf5, TLK1, SLC12A1, ZNF780B, HEXIM1, CNOT6L, CLEC12B, LPHN2, LYZ, AUTS2, MTF1, SLC38A1, ZNF90, RNF38, ZBTB34, PNMA2, ARHGAP20, TNFAIP3, ALDH1A2, TPST1, HPGD, PIGX, ANKRD33B, ANKHD1, NLGN4X, CHUK, UBE2R2, ZDBF2, FGD4, DDX47, TADA1, CCNH, ZNF114, TRIM14, MAP7, FAS, IGSF8, TJP1, EXOC1, F2R, MT2A, PCDH18, GPRASP1, C13orf27, UTP23, ZDHHC21, MCM4, MAGEA5, MAGEA10-MAGEA5, C15orf32, LRAT, SLMO2, NFX1, FAM120AOS, DCLRE1A, CLDN12, SEC24A, SMPX, FILIP1, B4GALT4, PRDM10, KPNA4
mml-miR-767-5p As in Table 1 J Neuroimmune Pharmacol (2016) 11:192-213 205 No significant differences in mean plasma viral loads at the time of necropsy (60 days post-SIV) were detected between the VEH/SIV and THC/SIV macaques. Similarly, SIV RNA levels in the striatum were not different between the groups (mean ± SEM log viral loads of 2.00 ± 0.29 and 2.27 ± 0.19 SIV copies/μg RNA in VEH/SIV and THC/SIV animals, respectively).
five of them (miR-485, −382, −134, −381 and −539) are clustered miRs positioned within 10 kb of each other and located on chromosome 7 in Rhesus and chromosome 14 in humans (miRBase). An examination of the UCSC Genome Browser on Human (Feb. 2009) (http:// genome.ucsc.edu/) (Kent et al. 2002) demonstrated that this region on the chromosome is enriched for H3K227Ac histone mark, which indicates a region of enhanced transcriptional activity. The transcription factors that have been identified to bind to these regions of the chromosome are Fos, Jun, FoxA1, Foxa2, Sp1 and GATA. hsa-miR-105-5p Nervous system development 26 hsa-miR-488-3p
Cell adhesion 25 hsa-miR-23a-3p
Protein transport 24 mml-miR-767-5p
Positive regulation of cell proliferation 19 Interspecies interaction between organisms 18
Negative regulation of cell proliferation 18 Chromatin modification 14
Negative regulation of protein phosphorylation 7
Response to LPS (3), glucocorticoid (3) 6 B cell differentiation 6
Cell morphois 4 Positive regulation of smooth muscle cell migration 4
Protein stabilization 3
Cell growth 3
Category 2 included miRs that showed significant decrease in expression during SIV infection or in the presence of THC alone but that were maintained at control levels in the THC/SIV group. The target genes for miRs (Table 2) in this category were enriched in major BPs such as regulation of transcription and cell migration, FGF signaling pathway, and axon guidance (Table 5) . KEGG pathway analysis of target genes revealed that gene enrichment was the most significant for axon guidance, tight junction and MAPK signaling. Category 3 included miRs that were significantly decreased during SIV infection or THC alone but whose expression was significantly increased in the THC/SIV relative to the VEH group. The target genes in this category (Table 3) were enriched in BPs such as immune response, toll like receptor pathway, the negative regulation of apoptotic process, and cell proliferation (Table 5) . Category 4 included miRs that showed a significant decrease in expression in the presence of both SIV and THC relative to all other groups. Both the miRs in this category were in a single cluster located on Chromosome 15 in rhesus macaques and chromosome nine in humans as demonstrated by the UCSC Genome Browser on Human (February 2009). The transcription factors that have been identified to bind to these regions of the chromosome are ESR1, CTCF and PolR2a. The target genes in this category (Table 4) were enriched in BPs such as negative regulation of apoptosis and cell proliferation, regulation of transcription, and insulin receptor signaling pathway (Table 5 ).
The miRs that were differentially expressed between VEH/SIV and THC/SIV groups alone were also analyzed. Six miRs were found to be significantly up and downregulated between the two groups respectively (Table 6 ). The major BPs enriched by target mRNAs of miRs that were upregulated in the THC/SIV group included regulation of transcription, apoptosis, positive regulation of cell proliferation and chromatin modification. The target genes of miRs that were downregulated in the THC/SIV compared to the VEH/SIV group were enriched in BPs such as regulation of transcription, nerve growth factor signaling pathway, cell cycle, MAPK cascade, response to hypoxia, and insulin receptor signaling pathway (Table 7) . The KEGG pathway with the most significant gene-enrichment of upregulated miRs was integrin signaling and that for the down-regulated miRs were MAPK signaling, tight junctions, endocytosis and neurotrophin signaling.
Confirmation (qPCR and Target Gene Expression) of Select Differentially Regulated miRs
The expression of a select list of differentially expressed miRs (miR-7, miR-181a and miR-27b) was confirmed by qPCR (Fig. 2) . The qPCR results confirmed a similar expression pattern observed with the deep sequencing reads for all three miRs, but did not reach statistical significance.
Two miRs (miR-134, and −151) that were differentially regulated in the deep sequencing analysis target brain derived neurotrophic factor (BDNF), an important modulator of neuronal survival . Relative expression as determined by qPCR of miR-134 was 1.00 ± 0.2 and 2.77 ± 0.88 and that of miR-151b 1.00 ± 0.12 and 1.09 ± 0.37 in the striatum of VEH/SIV and THC/SIV macaques respectively, failing to confirm the findings from the deep sequencing analysis. However, mRNA expression of BDNF in the striatum was found to be decreased by approximately 97 % in VEH/SIV as compared to the VEH group and threefold higher in the THC/SIV group compared to that in the VEH/SIV group (Fig. 3) . Moreover, Western blot analysis of BDNF detected two major bands, 28 kDa and 14 kDa and a statistically significantly greater expression of the 28 kDa band and a trend to increased expression of the 14 kDa band in THC/SIV compared to VEH/SIV striatum. Taken together, these results suggest functional relevance of the findings from the deep sequencing analysis, despite the lack of corroboration with qPCR of the differences in miR-134 and miR-151 expression.
mRNA Expression of Proinflammatory Cytokines mRNA expression of TNF-α was significantly lower in the striatum of THC/SIV compared to that of the VEH/SIV group. mRNA expression of other cytokines such as IL-6, IL-1B, MCP-1 was also decreased compared to that of VEH/SIV animals, but this difference failed to reach statistical significance (Fig. 4) .
Discussion
This study investigated the impact of chronic THC administration on striatal miR expression in SIV-infected macaques. We explored the possibility that changes in miR expression profile may contribute to the protective modulation of neurobiological functions. We identified a number of miRs that were differentially expressed in the striatum of THC-treated SIV-infected macaques. Our results showed that the major biological processes enriched with target genes are involved in immune response, neurotrophin signaling, tight junctions, regulation of transcription, and cell proliferation and apoptosis. We also demonstrated an increase in striatal BDNF and a decrease in TNF-α mRNA expression in THC/SIV compared to VEH/SIV group. These findings provide evidence to support the prediction that Δ9-THC-dependent modulation of miR expression may be a mechanism underlying the neuroprotective effects of THC. The neuroprotective effects may part be mediated by altering neuroinflammation and neurotrophin signaling.
Previous studies from our laboratory demonstrated that chronic Δ9-THC reduced brain pathology, decreased proinflammatory cytokine expression, and decreased viral load in brain tissue without producing additive neuropsychological impairment in SIV-infected male macaques (Winsauer et al. 2011 ). Subsequently, in a different cohort of animals, we demonstrated a role for differential miR expression in Δ9-THCmediated suppression of intestinal inflammation in acute-SIV infection (Chandra et al. 2015) . However, to date, data linking these two observations has been lacking. The results from the present study establish this link and provide supporting evidence for post-transcriptional epigenetic modifications as part of the underlying mechanism of THC-mediated neuroprotection in SIV-infected macaques.
It is interesting to note that five out of the ten differentially expressed miRs in category 1 (THC/SIV has a significant increase in miR expression) were part of a single cluster, mir-379/mir-656 (Glazov et al. 2008) or C14 miRs (Laddha et al. 2013) , that is expressed highly in brain and placental samples. Similarly, both miRs in category 4 (THC/SIV decreases miR expression) were part of another cluster. miRs are classified to be in a cluster if the pairwise chromosomal distances are at most 3000 nucleotides (Altuvia et al. 2005) or within a distance of 10 kb (miRBase). Expression of clustered miRs are believed to be similar if located on the same polycistronic transcripts and may coordinate an intricate regulatory network (Chan and Lin 2015) . Although the functional relevance of miR clusters are still unknown, they may function more efficiently as a miR-mediated network than through individual miR mediated modulation of gene expression alone (Zhang et al. 2009 ). Our results suggest that Δ9-THC might be regulating miR clusters that then coordinately regulate multiple biological processes such as cell cycle, cell differentiation, and neuroinflammation.
The gene enriched pathways for the two miRs that showed similar levels of expression in the THC/SIV and VEH groups and at the same time were decreased in the VEH/SIV group (Category 2) were axon guidance, MAPK and tight junction maintenance and function. Axon guidance recruits specific paths and defines their termination zones and synaptic partners (Cho et al. 2014; Lim et al. 2008) , and is required for the development, maintenance, and plasticity of neural circuits (Curinga and Smith 2008) . Axon guidance is relevant in adult life in response to injury. The adult regenerating axons, unlike the developing neurons, are in an adverse milieu that has reactive immune cells and astrocytes, cytokines, extracellular matrix (ECM) components, and reactive oxygen species, which could change the direction of the growth cone (Curinga and Smith 2008) . HIV gp120 has become known to promote axonal degeneration (Melli et al. 2006 ) and axon damage is one of the predictors of HIV-associated neurocognitive disorders (HAND). Genes involved in the axon guidance pathway have been shown to be downregulated in the frontal cortex of HIV-associated dementia (HAD) patients compared to patients without dementia (Zhou et al. 2012) . Activation of MAPK has been shown to be necessary for the establishment of normal neural connectivity patterns within the brain (Soundararajan et al. 2010) . Several genes involved in the MAPK pathway has been shown to be significantly reduced in the frontal cortex of patients with HAD compared to nondementia patients (Zhou et al. 2012) . The MAPK pathway also plays a crucial role in HIV replication and virulence (Yang and Gabuzda 1999) and communicates with the JAK-STAT signaling pathway, an important mediator of growth factor and cytokine signaling that plays a key role in cell proliferation, differentiation, migration and apoptosis (Zhou et al. 2012) .
In a retrospective study using the frontal cortex of patients with and without HAD (Zhou et al. 2012 ), miR-137 was found to be significantly down regulated in patients with HAD. miR-137 is enriched in neurons (Smrt et al. 2010) and modulates neuronal cell proliferation and differentiation (Smrt et al. 2010; Szulwach et al. 2010) . Zhou et al. previously demonstrated that miR-137 can target more than 5 neurodegeneration related pathways in patients with HAD (Zhou et al. 2012) . Although no significant histopathological changes were noted in the brains used for analysis in this study (data not shown), our results showed increased miR-137 expression in the striatum of THC/SIV compared to VEH/SIV group. The increase in miR-137 in the THC/SIV group may potentially be a compensatory mechanism involved in downregulation of genes involved in neurodegeneration pathways, thus providing neuroprotection to the striatum.
The pathways that were enriched for target genes of miRs that were downregulated in the THC/SIV group compared to the VEH/SIV group alone included MAPK signaling (already discussed), tight junctions, endocytosis and neurotrophin signaling. Endocytosis is a critical aspect of neurotrophin signaling, axon and dendrite growth and signaling, and efficient internalization of the signaling complex (Bashaw and Klein 2010; Cosker and Segal 2014) . Endocytotic trafficking defects have been described in neurodegenerative disorders such as Alzheimer's disease (Choi et al. 2013) . At least 7 predicted target genes represented critical components of the endocytosis pathway, suggesting that THC may play a role in modulating the endocytotic pathway and neurotrophin signaling.
The neurotrophin family of growth factors includes BDNF, nerve growth factor (NGF) and neurotrophins 3 and 4/5. BDNF is known to support neuronal survival, growth and differentiation (Chao et al. 2011; Chao and Lee 2004) and has been suggested to be neuroprotective against HIV-mediated cell injury (Bachis et al. 2003; Mocchetti and Bachis 2004) as reflected by the BDNFmediated reduction in caspase-3 mediated activation of apoptosis both in vivo and in vitro. (Bachis et al. 2003 (Bachis et al. , 2012 Sanders et al. 2000) . In addition, both NGF and BDNF have been shown to promote neuronal survival in HIV infection by inducing expression of the anti-apoptotic gene, Bcl-2 (Ramirez et al. 2001 ). We detected a 95 % decrease in BDNF mRNA expression in VEH/SIV compared to VEH, and three-fold higher expression of BDNF in the THC/SIV (p = 0.07) compared to the VEH/SIV group. Western blotting for BDNF detected 2 major bands: 14 kDa and 28 kDa. A significant increase in the expression of 28 kDa was seen in the THC/SIV compared to VEH/SIV group. In addition, a trend for an increase in the expression of the 14 kDa band was also noted in the THC/SIV striatum . The molecular weight of pro-BDNF is 32 kDa, the 28 kDa band is a truncated form of pro-BDNF and 14 kDa band, the mature form (Garcia et al. 2012; Mowla et al. 2001) . Although the biological functions of the truncated form are not known, it was recently demonstrated that the expression of the truncated form was reduced in schizophrenic patients (Carlino et al. 2011 ) and in autism (Garcia et al. 2012 ). Thus our data suggests that THC may be modulating neurotrophin signaling to provide neuroprotection.
Among the upregulated miRs in striatum of THC/SIV compared to that of VEH/SIV group, target genes of several miRs were enriched for integrin signaling, including genes such as collagen type III α1, laminin γ2 and 3, and integrin α5. The HIV Tat protein produces increased focal adhesion through integrin signaling, thus promoting cell migration and increasing blood brain barrier (BBB) permeability (Avraham et al. 2004; Berrier and Yamada 2007) . THC-mediated upregulation of miRs involved in integrin signaling may decrease the expression of genes that promote endothelial cell migration and increased BBB permeability. HIV invades the brain by migration of infected leukocytes across the BBB (Buckner et al. 2008) , promoting an inflammatory response involving immune cell infiltration and microglial cell activation, which more strongly correlates with the degree of neurological impairment than viral load levels (Fraga et al. 2011; Glass et al. 1993) . In vitro studies have shown that HIV Tat protein promotes adhesion of U937 cells to ECM proteins and this is prevented by Δ9-THC. Cells that were exposed to Δ9-THC had fewer projections into the ECM resulting in cytoskeletal reorientation and reduced cell transmigration (Berrier and Yamada 2007) . We speculate that a potential mechanism of Δ9-THC-mediated neuroprotection in the striatum may result from reduced integrin-ECM interaction and signaling.
A limited number of studies have performed large-scale miR profiling of HIV/SIV-infected brains. In a comprehensive miR profiling study that was performed on the caudate and hippocampus of uninfected and SIV-infected macaques (Yelamanchili et al. 2010) , six miRs were significantly upregulated in the caudate, and four in the hippocampus of macaques with encephalitis. miR profiling performed on the frontal cortex of patients with HAD or HIVE (Noorbakhsh et al. 2010; Tatro et al. 2010; Zhou et al. 2012 ) demonstrated several differentially expressed miRs of which some miRs showed similar expression patterns in the present study. For example, miR-137 was significantly downregulated in the brains of HAD patients (Zhou et al. 2012 ) and showed increased expression in the THC/SIV group in our study. miR-21, miR-142-5p, and miR-142-3p that were upregulated in human and macaque HIV/SIV studies (Noorbakhsh et al. 2010; Yelamanchili et al. 2010 ) but were not differentially expressed in the current study. The discrepancy might be due to the area of the brain profiled and the stage of infection.
Several of the miRs shown to be differentially expressed in striatum of THC/SIV vs. VEH/SIV animals, including miR-181a and miR-7, target genes with immunomodulatory function. In particular, miR-7, of which downregulation has been shown to promote an inflammatory response (Kong et al. 2012) , was significantly increased in striatum of THC/SIV compared to VEH/SIV and VEH animals (Category 3), and had the highest number of reads among all differentially expressed miRs. Previously we have reported that chronic Δ9-THC administration decreased inflammation in the duodenum and brain of SIV-infected macaques (Chandra et al. 2015; Molina et al. 2011a Molina et al. , 2014 Winsauer et al. 2011) , suggesting that the protective effects of Δ9-THC are directly linked to its immunomodulatory actions. The brain is an early target of HIV infection and the pathology has been proposed to be primarily mediated by neuroinflammation (Hurtrel et al. 1991) . Consistent with this finding, recently published studies h a v e d e m o n s t r a t e d t h a t Δ 9 -T H C -i n d u c e d immunomodulation may directly reduce SIV/HIV neuropathogenesis (Cabral and Griffin-Thomas 2008) . Our results provide additional strong evidence of the significant immunomodulatory effects of Δ-9THC as reflected by attenuation of proinflammatory gene expression including TNF-α, MCP-1, IL-1B and IL-6 in the THC/SIV compared to the VEH/SIV group. gp120 and TNF-α are commonly upregulated in HIVE, reduce intracellular stores and transport of BDNF, stimulate NMDA receptors (Bachis et al. 2003) , and reduce hippocampal neurogenesis (Hasler 2010; Raedler 2011) . Selective stimulation of cannabinoid type-2 receptors (CB2) has been reported to decrease CD40 expression and microglial TNF-α production (Ehrhart et al. 2005) . Thus, taken together these results suggest that chronic Δ9-THC modulates neuroinflammation by attenuating pro-inflammatory cytokine expression and enhancing BDNF expression, which we speculate confers neuroprotection through decreased neuroinflammation and neurodegeneration.
In summary, our results show that Δ9-THC modulates miRs that modulate neurotrophin and MAPK signaling, cell cycle, and neuroinflammation, which together confer neuroprotection of the striatum during acute-SIV infection. The possible mechanisms of Δ9-THC-induced improvement of BDNF expression and decreased neuroinflammation are currently being investigated. Future studies will determine if Δ9-THC-mediated modulation of epigenetic mechanisms provides neuroprotection in other regions of the brain and if Δ9-THC can provide protection during chronic SIV infection.
